Background/Aims: Next-generation sequencing (NGS) has revealed abundant long noncoding RNAs (lncRNAs) that have been characterized as critical components of cancer biology in humans. The present study aims to investigate the role of the lncRNA KCNQ1OT1 in breast cancer (BRCA) as well as the underlying molecular mechanisms and functions of KCNQ1OT1 involved in the progression of BRCA. Methods: The Cancer Genome Atlas (TCGA) and StarBase v2.0 were used to obtain the required gene data. Dual luciferase reporter gene assays were conducted to verify the relevant intermolecular target relationships. QRT-PCR and Western blot were performed to measure the expression levels of different molecules. Cell proliferation was detected by using the MTT and colony formation assays, while cell migration and invasion were examined by transwell assay. Variations in cell apoptosis and cell cycle were determined through flow cytometry. A tumor xenograft model was applied to assess tumor growth in vivo. Results: KCNQ1OT1 was found to be remarkably highly expressed in BRCA tissues and cells. KCNQ1OT1 modulated CCNE2 through sponging miR-145 in BRCA. KCNQ1OT1 promoted tumor growth in vivo by regulating miR-145/CCNE2. Conclusion: The KCNQ1OT1/miR-145/CCNE2 axis plays a critical regulatory role in BRCA, potentially giving rise to BRCA tumorigenesis and progression. These findings provide valuable evidence for improving the diagnosis and treatment of BRCA in the future.
Introduction
Breast cancer (BRCA) is one of the leading causes of cancer-related mortality worldwide and is the most common malignancy in the female population [1] . Approximately 90% of BRCA-related mortality is attributed to the formation of metastatic lesions [2, 3] . Despite the application of systematic adjuvant therapies, such as radiotherapy, chemotherapy, hormone treatment and biological therapy, the overall survival for late-stage patients remains dismal [4] . The mortality rate of BRCA has increased rapidly in recent years, with 252, 710 new cases and 40, 610 deaths estimated in the United States during 2017 [5] .
Emerging research has shown that numerous molecular triggers are involved in BRCA development and chemotherapy resistance [6] . MicroRNAs (miRNAs) are approximately 22 nucleotide RNAs that negatively regulate the expression of protein-coding genes by binding to their 3-untranslated regions (3'UTRs) [7] . Recently, next-generation sequencing (NGS) has allowed researchers to analyze miRNA-mRNA interactions in breast cancer [8] . Several studies have unveiled the regulatory functions of miRNAs in breast cancer. For instance, miR-129-5p was demonstrated to stimulate Her-2-positive breast cancer sensitive to trastuzumab [9] . MiR-212-5p/miR-101 was validated to exert inhibitory influences on breast cancer in some studies [10, 11] , while miR-1246 promoted breast cancer and its drug resistance, [12] and miR-181a had dual regulatory roles in BRCA [13] . The molecular regulatory network of BRCA is quite complex, and thus, the specific molecular mechanisms of BRCA progression remain to be further elaborated.
Long noncoding RNAs (lncRNAs) are defined as RNA molecules greater than 200 nucleotides in length that lack an open reading frame capable of producing functional proteins [14] . Numerous studies have shown that lncRNAs are widely present in human cells and play crucial roles in various biological events, such as cell-cycle regulation, cell differentiation and tumorigenesis [6, 15] . LncRNAs have been found to function as competing endogenous RNAs where they sponge miRNAs and regulate miRNA targets [16] . Wang et al. found that Huaier extract inhibited BRCA through lncRNA-H19/miR-675-5p [17] . In the present study, the dysregulated expression of the lncRNA KCNQ1OT1 was found to be significantly associated with BRCA progression.
The KCNQ1 Opposite Strand/Antisense Transcript 1 (KCNQ1OT1) gene, located at 11p15.5, is a member of the lncRNA group. KCNQ1OT1 interacts with chromatin and regulates the transcription of multiple target genes through epigenetic modifications [18] . At present, few studies regarding its aberrant expression and function in cancers have been reported. Ren et al. revealed that KCNQ1OT1 played an oncogenic role in regulating malignant behavior and chemoresistance of lung adenocarcinoma cells [19] . Sunamura et al. indicated that regulation of KCNQ1OT1 lncRNA by β-catenin signaling might be involved in multiple processes of colorectal cancer development [20] . Gong et al. further hypothesized that KCNQ1OT1/miR-370/CCNE2 may exert crucial influence on glioma cell progression, suggesting that this network may function as a novel therapeutic target [21] . Nevertheless, the underlying molecular mechanisms of KCNQ1OT1 in BRCA have not yet been sufficiently explored.
The present study aims to investigate the role of KCNQ1OT1 in BRCA. The effects of KCNQ1OT1 on BRCA progression in vitro and in vivo and regulatory mechanisms between KCNQ1OT1 and its downstream factors were elucidated. The KCNQ1OT1/miR-145/CCNE2 axis was found to play a potential regulatory role in BRCA, which may contribute to the diagnosis and treatment of BRCA in the future.
Tissue samples and cell lines
Eighteen pairs of breast cancer and adjacent tissues were collected from Zhejiang Cancer Hospital, China. Sixty-three pairs of breast cancer tissues were obtained from Zhejiang Cancer Hospital between December 2015 and June 2017. All tissues were pathologically confirmed to be either cancerous or healthy. They were kept in liquid nitrogen for subsequent experiments. The present research was approved by Zhejiang Cancer Hospital and the clinical information of sixty-three female patients was listed in Table 1 . The normal human mammary gland cell line Hs 578Bst as well as cancerous human mammary gland cell lines SK-BR-3, BT-20 and MX-1 were purchased from the BeNa Cell Collection (Beijing, China). MCF7 and HEK293T cells were cultured in the lab. All cell lines were cultured in L-15 media containing 10% fetal bovine serum (FBS).
Cell transfection
Single-stranded siRNAs of KCNQ1OT1 and CCNE2 were purchased from Thermo Fisher Scientific and were transfected into cells with the siRNA-Meta reagent (GenePharma, Shanghai, China). MiR-145 mimics and inhibitors were procured from GenePharma and transfected by using Lipofectamine 2000. PcDNA3.1 plasmids from the lab were used to construct CCNE2 overexpression vectors with BamHI and XhoI. The transfection concentrations for siRNA (sequence capable of KCNQ1OT1 knockdown), siRNA-C (sequence capable of CCNE2 knockdown), mimics and inhibitors were 50 nM, 60 nM, 10 nM and 5 nM, respectively. Primer sequences were exhibited in Table 2 .
Dual luciferase reporter gene assay
PmirGLO plasmids were purchased form Youbio (Changsha, Hunan, China). The amplified sequences of KCNQ1OT1 and CCNE2 were cloned into pmirGLO plasmids. The corresponding amplified mutated sequences were inserted into the plasmids to construct vectors of interest along with the restriction endonuclease sites ScaI and XbaI. The primers for recombined vectors were displayed in Table 2 . The constructed lncRNA and gene overexpression vectors together with miR-145 mimics were transfected into HEK293T cells. The cells in the control group were treated with transfection reagents. Cells in the negative control (NC) 
QRT-PCR
Total RNA was extracted using the miRCURY RNA isolation kit (#300110, QIAGEN, Hilden, Germany) for the detection and quantification of miRNA, lncRNA and mRNA of tissues and cells. The isolated RNA was first converted to cDNA through Access RT-PCR System (#A1250, Promega, Madison, WI, USA). SYBR green assays were used to analyze the expression of miR-145 (ExiLENT SYBR green master mix, #203421, QIAGEN), CCNE2 (ExiLERATE LNA qPCR, #303410, QIAGEN) and KCNQ1OT1 (ExiLERATE LNA qPCR, #303410, QIAGEN). GAPDH was the internal control gene for KCNQ1OT1 and CCNE2, while U6 was the endogenous control gene for miR-145. Primer information was presented in Table 3 .
Western blot
Forty-eight hours after cell transfection, the transfection efficiency was confirmed. The cells were lysed using RIPA buffer. The supernatant was collected, and 40 μg was resolved by using SDS-PAGE (TGX Gels, Bio-Rad Laboratories Inc., Hercules, CA, USA). The resolved proteins were then transferred onto PVDF membranes. Antibodies including anti-CCNE2 (#ab32103), anti-GAPDH (#128915) and HRP-IgGs (#6721) were applied to membranes. After the membranes had been washed three times, the signal was captured using West Dura. Protein levels were quantified using ImageJ software.
MTT assay
The cultured cells were harvested by centrifugation and then resuspended at 1×106 per ml. Then, 100 μl of cell suspension was placed into a microtiter plate in triplicate. Three wells of medium alone were used as the control. After 48 h of culture, each well was supplemented with 10 μl MTT reagent and incubated for another 3 h or longer until the purple precipitate was visible under a microscope. Then, 100 μl of detergent reagent was added to each well before a 2-h incubation in the dark. Finally, the optical absorbance of each well was observed at 450 nm in a microtiter plate reader. All reagents were purchased from Biomart (Beijing, China).
Colony formation assay
The cultured cells were digested using 4 ml of 0.25% trypsin and then seeded in 6-well plates (Thermo Fisher Scientific) in triplicate, followed by a seven-day incubation. When the cells formed visible colonies, the medium was removed, and 2-3 ml of fixation solution was added to the plates. Five minutes later, the fixation solution was discarded, and 0.5% crystal violet (Sigma-Aldrich, Shanghai, China) solution was added and incubated with cells for 2 h. Subsequently, the crystal violet was removed, and the plates were air-dried. A few days later, the colonies were observed under a microscope (TS100, Nikon Eclipse, Japan).
Transwell assay
A transwell assay was conducted to examine the migration and invasion capabilities of cells. The transwell compartments were prepared by adding 3 ml of DMEM with 0.5% FBS along with transwell inserts into the lower compartment. Then, 1×105 cells were added onto the inserts and incubated for 12 h before transfection, which allowed the cells to migrate toward the underside of the insert membrane. The inserts were then taken out, and non-migratory cells were removed from the upper side of the membrane. Cells on the lower side of the inserts were quickly fixed with 5% glutaraldehyde for 10 min and stained with 1% crystal violet in 2% ethanol for 20 min. Excess crystal violet was removed by immersing the inserts in ddH2O for 3 to 5 seconds. The migratory cells were counted under a microscope. For the cell invasion assay, Matrigel was added to the inserts, and the number of invasive cells was detected and analyzed after 48 h. Cell apoptosis and cell cycle analysis Cells were seeded in a 24-well plate after transfection with the corresponding group parameters and incubated for 48 h. The supernatant and adherent cells were collected and resuspended. After 500 μl of the cell suspension was incubated with 2 μl of Annexin (1 mg/ml) and 2 μl of propidium iodide (1 mg/ ml) (CA1020, Solarbio, BeiJing, China), the cells were analyzed using a flow cytometer. Annexin-positive and propidium iodide-positive cells were considered apoptotic. Cell cycle analysis was performed using propidium iodide (C1052, Beyotime, ShangHai, China) with the BD FACSCalibur Flow Cytometry System (BD Pharmingen).
Xenograft assay
After transforming the sequences of siRNA-1 and siRNA-3 against lncRNA KCNQ1OT1 to shRNA-1 and shRNA-3 (Table 2 ), stable knockdown in the breast cancer cell line MCF7 was achieved. Stably transfected cells were selected for more than 3-6 months for resistances provided by the vectors to confirm expression stability. Afterwards, 1×106 stably transfected cells were injected into the flanks of female BALB/c-nude mice (5-6 weeks old, n=6 in each group) that were purchased from Cavens Lab Animal Ltd. (Changzhou, Jiangsu, China). For the survival experiment, only the survival ratios were recorded after injections. To measure tumor size, 1×106 cells were injected into fresh mice (n=5 in each group), and tumor growth was continuously monitored for 4 weeks. At the end of the fourth week, all mice were euthanized, and tumors were removed for further analysis.
Statistical analysis
All data analyses were conducted with GraphPad Prism 6.0. P<0.05 was considered statistically significant. The above experiments were performed at least three times. Data were presented as the mean ± standard deviation. Nonparametric Wilcoxon matched-pairs was applied to the analysis of clinical samples. The unpaired Student t-test and one-way ANOVA multiple comparisons test were used to compare the data of two groups and multiple groups, respectively. Kaplan-Meier survival analysis and log rank test were utilized to estimate the survival rates of patients. Spearman rank correlation coefficients (r) were determined to analyze the correlation between gene expression.
Results

KCNQ1OT1 expression in cancerous and healthy breast tissues and cell lines
In our examination of the expression values of lncRNAs in 91 paired TCGA breast cancer samples, we set the screening criteria to |log2 (fold change)|>2 and P<0.00001 to identify the differentially expressed lncRNAs. The top 20 significantly differentially expressed lncRNAs, including 10 upregulated and 10 downregulated lncRNAs, were selected for the heatmap (Fig.  1A -1B) , and the log2 (fold change) of each are presented in Table 4 along with the P values. Among these lncRNAs, KCNQ1OT1 was the most highly expressed in tumor tissues. The Kaplan-Meier curve indicated that higher expression levels of KCNQ1OT1 corresponded to poorer patient prognoses (Fig. 1C) . In addition, we also verified that the expression of KCNQ1OT1 was much higher in cancerous breast tissues (n=18) and cell lines than in normal adjacent breast tissues and the normal breast cell line Hs 578Bst (Fig. 1D -1E ). Since MCF7 and SK-BR-3 cell lines had the highest level of KCNQ1OT1, they were chosen for subsequent analysis. 
Effects of KCNQ1OT1 on MCF7 and SK-BR-3 cell activities
We confirmed the knockdown efficiency of three siRNAs to KCNQ1OT1 in MCF7 and SK-BR-3 cell lines. siRNA-1 and siRNA-3 showed the best knockdown efficiency in both cell lines ( Fig. 2A and Fig. 3A) . The transfection of siRNA-1 and siRNA-3 successfully inhibited viability, migration and invasion, promoted apoptosis and significantly induced cell cycle arrest at the G2 phase (Fig. 2B -2E ). Similar trends were found in the breast cancer SK-BR-3 cell line (Fig. 3) .
MiR-145 and CCNE2 expression in cancerous and healthy breast tissues and cell lines
Eighty-four paired TCGA breast cancer data sets were analyzed for differentially expressed miRNAs (Fig. 4A) , and the top 20 significantly differentially expressed miRNAs are presented in a heatmap (Fig. 4C) . Through intersecting the predicted target miRNA dataset of starBase v2.0 with the differentially expressed miRNA dataset of TCGA, we discovered two shared miRNAs, miR-383 and miR-145, in both datasets (Fig. 4B) . Using a large cohort of TCGA data with low miR-145 patients (n=460) and high miR-145 patients (n=615), we chose to evaluate the correlation between BRCA patients' survival outcome and the expression level of miR-145. Kaplan-Meier results indicated that lower expressions of miR-145 corresponded to poorer overall survival outcomes in BRCA patients (Fig. 4D) . Expression data for miR- 
145 in BRCA were downloaded from starBase v2.0, and miR-145 was verified to be significantly downregulated in BRCA tissues (Fig. 4E) , which was confirmed in our 18 paired samples (Fig. 4F ). In addition, we confirmed that miR-145 was expressed at low levels in the four BRCA cell lines (Fig.  4G) .
To determine the target gene of miR-145 in human breast tissues, we first screened all the differentially expressed genes from the TCGA dataset (Fig. 5A ). Then we captured three shared genes, FN1, CCNE2 and PPARG, through intersecting the predicted target genes dataset, differentially expressed genes dataset and gene set relating to KEGG pathways in cancer (Fig. 5B) . Among these genes, PPARG was downregulated and FN1 and CCNE2 were both upregulated in BRCA tissues (Fig. 5C) . Furthermore, StarBase v2.0 prediction results suggested that CCNE2 was highly expressed in BRCA (Fig. 5D) , which was further verified in BRCA cell lines (Fig. 5E ).
The target relationship between KCNQ1OT1, miR-145 and CCNE2
The Spearman rank correlation analysis results showed that miR-145 expression was negatively correlated with KCNQ1OT1 and CCNE2 expression, while KCNQ1OT1 expression was positively correlated with CCNE2 expression (Fig. 6A -6C ). Silencing KCNQ1OT1 decreased the expression of CCNE2 and promoted the expression of miR-145 (Fig. 6D -6F) . Subsequently, the targeted relationships between miR-145 and KCNQ1OT1 and miR-145 and CCNE2 were validated by dual luciferase reporter gene assays (Fig. 7A -7B ). The sequences of KCNQ1OT1 (438 bp), containing the predicted miR-145-target site, and the whole length of the CCNE2 3'UTR (1833 bp) were amplified and recombined. MiR-145 only interfered with the reporter activity of wild-type (WT) constructs, which reflected the target relationships between miR-145 and lncRNA KCNQ1OT1 and miR-145 and CCNE2. After transfection with miR-145 mimics, the expression level of miR-145 was considerably enhanced, while the miR-145 inhibitor remarkably decreased the expression of miR-145 (Fig. 7C) . To regulate the expression of CCNE2, siRNAs were used for CCNE2 knockdown, and vectors were generated for CCNE2 overexpression (Fig. 7D) . The siRNAs of CCNE2 are designated siRNA-C1-C3 to distinguish them from the siRNA for KCNQ1OT1. siRNA-C1 showed the most significant inhibitory effects on CCNE2 expression. The groups were divided into NC, siRNA-C1, miR-145 mimics, siRNA-1 + miR-145-inhibitor and siRNA-1 + CCNE2 to evaluate the influence on mRNA and protein expression of CCNE2 (Fig. 7E -7F ). MiR-145 mimics decreased the expression of CCNE2, while the miR-145 inhibitor and CCNE2 reversed the KCNQ1OT1 siRNA-1-mediated reduction in CCNE2. MiR-145 and siRNA-C1 inhibited cell proliferation and metastasis, while promoting cell apoptosis and cell cycle arrest at the G2 stage (Fig.  8 -Fig. 9 ). Significant changes were not observed in the siRNA-1 + miR-145 inhibitor and siRNA-1 + CCNE2 groups.
KCNQ1OT1 influenced tumor growth in vivo
MCF7 cells transfected with sh-KCNQ1OT1 were injected into nude mice, and tumor growth was observed. As shown in Fig. 10A , the survival rate of mice in the sh-KCNQ1OT1 group was similar to that in the NC group. The tumors in the knockdown group (shRNA-1 and shRNA-3) had reduced volumes and masses relative to those in the NC group (Fig. 10B  -10C ). After all mice were sacrificed in the fourth week, solid tumors were removed for further analysis. QRT-PCR results indicated that KCNQ1OT1 and CCNE2 were considerably downregulated in the shRNA groups, while miR-145 was observably upregulated (Fig. 10D -10E ). In normal cell homeostasis, decreased KCNQ1OT1 sponges less miR-145, and residual miR-145 targets CCNE2 3'UTR to suppress the expression of CCNE2. In tumor cells, however, increased KCNQ1OT1 reduces miR-145 and increases CCNE2, resulting in stronger cell proliferation and mobility, a weaker cell apoptosis ratio and a higher ratio of cells in G2 (Fig.  11 ).
Discussion
In this study, we demonstrated that KCNQ1OT1 and CCNE2 were overexpressed in BRCA tissues and cells. In contrast, miR-145 was significantly reduced in BRCA tissues and cells. In addition, the target relationships between KCNQ1OT1 and miR-145 and between miR-145 and CCNE2 were verified. We found that knockdown of KCNQ1OT1 inhibited viability and promoted apoptosis of MCF7 and SK-BR-3 cells. The in vivo experiment proved that knockdown of KCNQ1OT1 induced tumors with the smallest volume and weight in nude mice. Together, the KCNQ1OT1/miR-145/CCNE2 axis appears to play a crucial role in BRCA tumorigenesis and progression, providing a novel and promising therapeutic target.
LncRNAs are involved in many cellular processes, and their effects in cancers are demonstrated by their biological role in cell proliferation, apoptosis, and metastasis. Currently, numerous lncRNAs that serve as endogenous miRNA sponges have been shown to be involved in the initiation and development of BRCA [22] . The lncRNA NEAT1 was validated to promote cell invasion and proliferation in BRCA by negatively regulating miR-218, which is a potential biomarker for prognosis and targeted therapy in BRCA patients [23] . The lncRNA BORG has been identified as a novel driver of genetic and epigenetic alterations which underlie the acquisition of metastatic and recurrent phenotypes in BRCA cells [14] . The overexpression of the lncRNA TUG1 significantly promotes cell migration and invasion, while TUG1 knockdown has the opposite effects [24] . Wang et al. indicated that an elevated expression of SOX2 can activate the lncRNA PVT1, promoting BRCA tumorigenesis and progression. Likewise, PVT1 may be a predictive biomarker for BRCA, and the interaction between PVT1 and SOX2 could be a therapeutic target in BRCA [15] . Consistent with previous Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry studies, knockdown of the lncRNA KCNQ1OT1 in the present study significantly increased miR-145 expression in BRCA and induced cell apoptosis and cell cycle arrest at the G2 phase. MiRNAs, members of the noncoding RNA family, play important roles in posttranscriptional gene regulation. Numerous studies have demonstrated that miRNAs contribute to tumor formation and development, suggesting that they can play either an oncogenic or tumor suppressor role [25] . The underlying mechanisms of miR-145 in BRCA processes have increasingly been explored in previous studies. Liu et al. revealed that the reduced expression of miR-145 in BRCA was attributed to DNA methylation and demonstrated that miR-145 repressed cell migration and invasion by targeting ANGPT2 both in vivo and in vitro [26] . Zhao et al. identified that miR-145 suppressed BRCA cell migration by targeting FSCN-1 and blocked the epithelial-mesenchymal transition [27] . Zhang et al. verified that miR-145 acts as a tumor suppressor and that its downregulation in tumor tissues may contribute to the progression of BRCA through a mechanism involving ROCK1 [28] . Ding et al. suggested that miR-145 may inhibit TGF-beta1 protein expression, which may in turn induce the initiation and progression of BRCA [29] . In this research, miR-145 was found to be expressed at notably low levels in BRCA tissues and cells, and overexpression of miR-145 remarkably promoted cell apoptosis in BRCA by regulating CCNE2.
Previous studies have unraveled different regulatory mechanisms for the lncRNAmiRNA-mRNA axis in various carcinomas including BRCA. Zou et al. discovered the TP73-AS1/miR-200a/ZEB1 regulatory loop in BRCA cells, which appears to promote cancer cell invasion and migration through regulation of E-cadherin and Twist expression [30] . The lncRNA H19 promoted proliferation and invasion of BRCA through the miR-152/DNMT1 axis, providing a novel insight into the occurrence and progression of BRCA [31] . Another study discovered that the lncRNA NEAT1 induced the epithelial-mesenchymal transition and 5-FU resistance through the miR-211/HMGA2 axis [32] . Similarly, our study established that knockdown of KCNQ1OT1 suppressed CCNE2 expression by increasing the expression of miR-145, thereby inhibiting the propagation and metastasis of BRCA cells. The regulatory mechanisms of the KCNQ1OT1/miR-145/CCNE2 network in BRCA was further elucidated in this research.
Although our findings have provided new insights into the downstream targets of KCNQ1OT1, our knowledge is still insufficient to inform clinical practice. For example, KCNQ1OT1 may influence the expression of CCNE2, and we corroborated that CCNE2 encodes a protein related to the cell cycle that may further influence cell viability and cell apoptosis, ultimately affecting migration and invasion [33] . Moreover, KCNQ1OT1 interacts with other micromolecules, which might influence cell mobility [21] . Additional studies in larger homogeneous populations are therefore required to investigate the therapeutic and prognostic value of these biomarkers in the future.
In conclusion, our study substantiated that lncRNA KCNQ1OT1 expression was significantly increased in BRCA and that KCNQ1OT1 appeared to function as an oncogene by regulating the miR-145/CCNE2 axis. These findings provide a novel prognostic biomarker for the detection of patients at early stages and a potential therapeutic target for patients with BRCA.
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